In accordance with Nature publication policy, this version is the original one submitted to Nature Astronomy. The accepted version is accessible online at Nature Astronomy and differs from this one. Nature Astronomy 2017, Volume 1 , article 36. We will be allowed to post in 6 months the accepted version on arxiv. In the standard (ΛCDM) model of cosmology the universe has emerged out of an early homogeneous and isotropic phase. Structure formation is associated with the growth of density irregularities and peculiar velocities. Our Local Group is moving with respect to the cosmic microwave background (CMB) with a velocity of V CMB = 631 ± 20 km s −1 1 and participates in a bulk flow that extends out to distances of at least ≈ 20, 000 km s −1 2-4 . The quest for the sources of that motion has dominated cosmography since the discovery of the CMB dipole.
on distant structures from tides and from continuity across the zone obscured by the Galactic disk, the so-called Zone of Avoidance 11, 16 . The Cosmicflows-2 dataset of peculiar velocities 17 provides reasonably dense coverage to R ≈ 10, 000 km s −1 (distances are expressed in terms of their equivalent Hubble velocity).
However convergent features in the large scale flow patterns reveal important influences at R ∼ 16, 000 km s −1 at the extremity of the data coverage.
The linear 3D velocity field is reconstructed here from the Cosmicflows-2 data by the Bayesian methodology of the Wiener Filter (WF) and constrained realizations (CRs; see Methods). The WF is a Bayesian estimator which assumes a prior model -here it is the ΛCDM model. It is a conservative estimator which balances between the data and its errors and the assumed prior model.
Where the data is weak the WF estimation tends to the null hypothesis of a homogenous universe.
The variance around the mean WF estimator is sampled by the CRs.
The WF is used to construct the cosmic velocity and the cosmic web. The web is defined here by the velocity shear tensor 18 -the web elements of the so-called V-web are defined by the number of eigenvalues of the tensor above a threshold value (see Methods). In the linear regime the flow is irrotational and constitutes a gradient of a scalar potential. Figure 1 shows the large scale structure out to a distance of 16,000 km s −1 . Three different aspects of the flow are depicted:
streamlines which manifest the direction and magnitude of the velocity field (but do not represent trajectories; see Methods), red and grey surfaces present the knots and filaments of the V-web and the green-yellow surfaces correspond to the velocity potential. Attractor.
The main findings of the article are tested against statistical and systematic uncertainties.
There is no doubt about the existence of the Shapley Concentration and therefore we focus our attention mostly on the Repeller. The strong support for the existence of the Repeller comes not only from its close alignment of the bulk velocity but also the small scatter around the mean WF value, µ bulk (R) = −0.96 ± 0.04 for R ≈ 16, 000 km s −1 (figure 4). Assuming that the Repeller is the dominant structure that determines the direction of the bulk flow the scatter in µ bulk (R) can be translated to uncertainty in the position of the Repeller, ∆R GR ≈ 4, 500 km s −1 (see Methods).
Next, a possible 'edge of the data' effect is considered, driven by the concern that both the Attractor Earlier examinations of galaxy peculiar velocities found a north-south anisotropy in (galactic) ycomponent of the velocities 3 and that the sources responsible for the bulk flow are at an effective distance >30,000 km s −1 20 . Here, the source of the repulsion is identified for the first time.
Arguably, the dominance of the Dipole Repeller over the Shapley Attractor is the main novel and surprising finding of this study. The predicted position of the Repeller is in a region that is yet poorly covered by existing redshift surveys. We predict the Repeller to be associated with a void in the distribution of galaxies.
In the linear regime of gravitational instability repellers are as abundant and dominant as at-
tractors. Yet observationally, repellers are much harder to identify than attractors. The association of repellers with underdensities renders them strongly deficient of galaxies, in general, and clusters of galaxies, in particular. The detection of voids by means of redshift surveys is challenging.
Our use of peculiar velocities as tracers of the large scale structure overcomes that observational hindrance and unveils the existence of the new structure we call the Dipole Repeller.
methods
Cosmicflows-2 dataset: The present studies is based on the second release catalogue of galaxy distances and peculiar velocities, Cosmicflows-2 17 , that extends sparsely to recession velocities of 30,000 km s −1 (redshift z ≈ 0.1). It consists of 8,161 entries with high density of coverage inside 10,000 km s −1 . Here we used a grouped version of the Cosmicflows-2 data, in which all galaxies forming a group, of two or more, are merged to one data entry. The grouped Cosmicflows-fluctuations of the ensemble of stars in elliptical galaxies, type Ia supernovae, the fundamental plane in luminosity, radius, and velocity dispersion of elliptical galaxies, and the Tully-Fisher correlation between the luminosities and rotation rates of spiral galaxies. Cosmic V-web: The cosmic web is defined here by the means of the V-web 18 . The V-web is a mathematical model used to construct the cosmic web. The model starts with the continuous velocity field and the velocity shear tensor evaluated for that field (equation 1). Consider a given point in space at which the shear tensor is evaluated, and thereby its eigenvalues and eigenvectors.
Wiener filter and Constrained
The so-called V-web is defined by a threshold values (λ th ) -a free parameter which defines the web. The number of eigenvalues above λ th defines the web classification at that point -0, 1, 2 or 3 corresponds to the point being a void, sheet, filament or knot. The normalized velocity shear tensor at a given grid cell, is defined by:
The standard definition of the velocity shear tensor is modified here by the Hubble constant (H 0 ) normalization, which makes it dimensionless. The minus sign is introduced so that a positive eigenvalue corresponds to a contraction. Eigenvalues are ordered by decreasing value, which implied thatê 1 points in the direction of maximum collapse andê 3 points toward maximum expansion. The V-web is defined by the effective resolution of the velocity field and by the value of the threshold.
Here a Gaussian smoothing of R s = 250 km s −1 and λ th = 0.04 are assumed.
Multipole expansion of the flow: A first order expansion of a potential (i.e. irrotational) velocity field, v( r), around a point labeled by 0 yields,
where v 0,α and Σ αβ are evaluated at the point 0. This expansion is equivalent to a dipole and quadrupole expansion of the (velocity) potential. The flow in a sphere of radius R is modelled here as the sum of a bulk flow, V bulk (R), and a shear term, Σ αβ (R), in the manner of equation 2.
The parameters of the model, i.e. the bulk velocity vector and the symmetric tensor, are found by minimizing the quadratic residual between the model and the actual velocity field, with a spherical top-hat window function weighting.
Streamlines: In the linear regime the flow is irrotational, namely it is a potential flow, and hence the velocity field can be written as a gradient of a scalar (velocity) potential, v = ∇φ v ( r).
In this linear regime the peculiar velocity ( u) and gravitational field ( g) are simply related by u = The uncertainty in µ bulk changes significantly over the range R = 11,000 to 20,000 km s −1 . This again translates to an uncertainty in the radial position of roughly 4,500 km s −1 .
Next a possible 'edge of the data' systematic effect is considered. To meet this end the full Cosmicflows data has been trimmed in spheres of radii 6,000, 8,000 and 10,000 km s −1 which contain 49%, 67% and 82% of the full data, respectively. The WF has been applied to these subsets of data and the resulting (anti)flow field has been compared with that of the full data ( figure 5 ).
The overall structure of the flow fields of the subsamples follow that of the full Cosmicflows-2 data. The anti-flow converges into two repellers in the 6,000 km s −1 case and into single repellers for the 8,000 and 10,000 km s −1 cases. Table 1 Data availability statement. The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request. It is also available freely at the Extragalactic Distance Database: edd.ifa.hawaii.edu and through the NED interface.
Use of the data and flow model must cite this article.
